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Abstract To better understand the influence of the activity cycle on the solar
atmosphere, we report the time variation of the radius observed at 37 GHz
(λ = 8.1 mm) obtained by the Metsa¨hovi Radio Observatory (MRO) through
Solar Cycles 22 to 24 (1989–2015). Almost 5800 maps were analyzed, however,
due to instrumental setups changes the data set showed four distinct behaviors,
which requested a normalisation process to allow the whole interval analysis.
When the whole period was considered, the results showed a positive correlation
index of 0.17 between the monthly means of the solar radius at 37 GHz and solar
flux obtained at 10.7 cm (F10.7). This correlation index increased to 0.44, when
only the data obtained during the last period without instrumental changes were
considered (1999–2015). The solar radius correlation with the solar cycle agrees
with the previous results obtained at mm/cm wavelengths (17 and 48 GHz), nev-
ertheless, this result is the opposite of that reported at submillimetre wavelengths
(212 and 405 GHz).
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1. Introduction
In the last decades, the study of the solar radius variations at different wave-
lengths and their relation with the 11-year cycle has been investigated in many
works. However, the conclusions for different frequency ranges of the electro-
magnetic spectrum are still controversial, since they depend on the observational
method and the wavelength.
Measurements at photospheric heights using ground-based instruments are
inconclusive. Different works report a variation of the solar radius correlated
with the solar cycle (Basu, 1998; Rozelot, 1998; Andrei et al., 2004; Noe¨l, 2004;
Chapman, Dobias, and Walton, 2008), whereas other works find the opposite
behavior and report an anti-correlation of the radius with solar indices (Gilliland,
1981; Laclare et al., 1996; Kilic and Golbasi, 2011). Moreover, Emilio and Leister
(2005) and Lefebvre et al. (2006) report that the optical radius variations have
no significant correlation with the solar cycle.
The long useful lifespan of the Solar and Heliospheric Observatory (SoHO)
satellite provides the opportunity to study the temporal evolution of the solar
radius without the influence of the Earth’s atmosphere. Bush, Emilio, and Kuhn
(2010) analyzed the optical maps obtained by the Michelson Doppler Imager
(MDI) and reported that any intrinsic changes in the solar radius correlated with
sunspot cycle must be smaller than 23 mas (milli-arcsec) peak to peak. Although
the difference is very small, the result is larger than the values obtained by the
authors in previous works, that determined a variation smaller than 15 mas
during a whole solar cycle (Emilio et al., 2000; Kuhn et al., 2004).
Moreover, Kosovichev and Rozelot (2018a,b) joined 21 years of observations
made by MDI/SoHO and HMI/SDO to study the seismic radius at the f -mode
frequencies. The authors reported a temporal variability of the seismic radius in
anti-phase with the solar activity. Since f -mode frequencies are not sensitive to
temperature or sound-speed variations, the physical mechanism of the inferred
displacements is probably associated with magnetic fields accumulating in the
subsurface layers during the solar maxima.
At centimeter radio frequencies, variations of the solar radius in phase with
the solar cycle were shown by Bachurin (1983) at 8 GHz (λ = 3.75 cm) and
13 GHz (λ = 2.3 cm). Costa et al. (1999) found a similar result at millimeter
wavelengths (ν = 48 GHz, λ = 6.25 mm). Selhorst, Silva, and Costa (2004)
and Selhorst et al. (2011) arrived at similar conclusions using NoRH maps at
17 GHz; however, the authors point out that the polar radius varies in antiphase.
In a recent work, Menezes and Valio (2017) analysed a total of 16 600 solar
maps between 1999 and 2017 and reported a strong anticorrelation between the
solar activity and radius variation measured at the subterahertz frequencies of
0.212 and 0.405 THz, respectively 1.42 and 0.74 mm. For the upper atmosphere,
Gime´nez de Castro et al. (2007) studied Extreme Ultraviolet Imager maps at
λ = 304 and λ = 171 A˚ and found no significant correlation with the solar cycle.
In this work, we present the temporal evolution of the solar radius at 37 GHz
(λ = 8.1 mm) obtained by the Metsa¨hovi Radio Observatory (MRO) through
Solar Cycles 22 to 24 (1989–2015).
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2. Metsa¨hovi Observations
Figure 1. Solar map obtained by the MRO at 37 GHz on June 24, 2011.
The Metsa¨hovi RT-14 telescope at the Metsa¨hovi Radio Observatory (MRO),
Aalto University (Helsinki Region, Finland, GPS: N 60 13.04 E 24 23.35) is a
Cassegrain type antenna with a diameter of 13.7 meters (operated since 1978).
The working frequency range of the telescope is 2–150 GHz (13.0 cm – 2.0
mm). The antenna provides full disk solar mapping, partial solar mapping and,
additionally, the ability to track any selected point on the solar disk. The beam
size of the telescope is 2′.4 (114′′) at 37 GHz. The receiver is a Dicke type
radiometer, thus the radiometer’s own noise will be filtered out. For the tempera-
ture stabilisation of the receiver, a Peltier element is used. The noise temperature
of the 37 GHz receiver is around 280 K, and the temporal resolution during the
observations is 0.1 s or less. The obtained data are recorded as intensity and the
Quiet Sun temperature is around 8100 ± 300 K after Kallunki and Tornikoski
(2018).
There are two map types in the data set. Angular size of 50′ by 33′.6 with
29 sweeps and 91 samples per sweep in right ascension (RA) and declination
(DEC) directions respectively and 48′ by 48′ with 30 sweeps and 200 samples
per sweep in RA and DEC directions respectively. This gives distances between
data points of 0.55′ (33′′) in RA and 1′.16 (69′′.5) in DEC direction for the 29
sweep maps. Corresponding distances in the 30 sweep maps are 1′.6 (96′′) in RA
and 0′.24 (14′′.4) in DEC direction. In the study, only maps scanned in right
ascension were used. Figure 1 shows an example of a 37 GHz map.
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TheMetsa¨hovi is operated since 1978, however, only the data digitally recorded
were analyzed here, that reduce our sample to the data obtained between 1989
and 2015, with almost 5800 maps. Along of this period, the instrument setup had
tree updates that clearly influenced the solar maps: i) a new radome in 1992; ii)
a new main mirror in 1994; iii) a receiver upgrade in 1997. These instrumental
changes clearly affected the results, nevertheless, the data time serie, are still
suitable for the proposed study.
3. Data Analysis and Results
To determine the solar disk radius, a process similar to the one defined in Costa
et al. (1999) was applied. The Quiet Sun Level (QSL) was determined by taking
the average reading of the maximum values of histograms made with 30 different
bin sizes. This yield the QSL as the most common brightness temperature on a
map. Figure 2 shows an example of the 30 different bin size histograms used to
determine the QSL.
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Figure 2. Histogram of the raw solar intensity measurements with different bin sizes.
The solar limb was assumed at 50 % of the QSL. The coordinates of the solar
limb were determined in two directions, right ascension and declination. The
limb coordinates were linearly interpolated from the values closest to 50 % QSL.
An example of a normalised intensity profile is shown in Figure 3 , in which the
dashed lines are the QSL and 50 % QSL levels. Limb positions were available
on varying intervals depending on whether the direction of limb detection was
right ascension or declination. Also, Metsa¨hovi’s dataset includes solar maps
with varying number of sweeps and samples per sweep.
A least squares circle fit was made using the acquired limb coordinates. Limb
positions deviating more than 0′.3 (18′′) from the fitted radius were discarded.
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Then, a new circle was adjusted to the remaining points, and again the limb
points with deviations greater than 0’.3 were discarded. This process was re-
cursively repeated until the difference of subsequent radius values was less than
0′.0005(0′′.03) or until 20 iterations had been reached.
Distance (arc sec)
-1000 -500 0 500 1000
Br
ig
ht
ne
ss
 te
m
pe
ra
tu
re
 (r
el.
 to
 Q
SL
 %
)
0
10
20
30
40
50
60
70
80
90
100
Figure 3. Example of a normalised intensity profile of a map sweep. The dashed lines are the
QSL and 50 % QSL levels.
The results clearly show the influence of the instrumental changes (Figure 4a).
The averaged radii of each period without instrumental changes are listed in
Table 1. In which the first dataset was obtained with the original instrumen-
tation, the second one was obtained after the radome replacement in 1992, the
third dataset was acquired after the main mirror substitution in 1994, and last
dataset was obtained after installation of the new receiver in 1997. Since the solar
radii increased after the radome change but decreased after the main mirror
substitution, the observed radii increment may not have been caused by the
radome itself, but due to some degradation of the old main mirror.
Following Battaglia et al. (2017), two sets of errors were considered with
respect to the averaged solar radius. The first one was associated to the circular
fit of the limb points, that can be affected by several issues like the beam pattern,
the weather condition, and the yearly variation of the Sun’s elevation angle
during the observation. The second error was caused by the solar atmospheric
variation along the cycles. The smaller mean radius 979′′± 5′′± 6′′ was obtained
during the period after the update of the main mirror. Nevertheless, the receiver
upgrade resulted in an increase of 20′′ in the averaged value, namely 999′′ ±
4′′ ± 5′′. This radius increase probably reflects a larger beam pattern of the new
receiver, while the smaller errors were caused by the low activity period and the
greater number of measurements obtained in the last period.
Since the main purpose of this work is the analysis of the variation of the
37 GHz radius along the solar cycle, the solar radii values obtained at distinct
periods with different instrumental setups were normalised to the minimum
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Table 1. Solar radius.
Observed period Number of maps Averaged radius
April 1989 – April 1992 1104 985′′ ± 5′′ ± 8′′
July 1992 – April 1994 392 991′′ ± 7′′ ± 7′′
November 1994 – October 1997 446 979′′ ± 5′′ ± 6′′
March 1999 – December 2014 3847 999′′ ± 4′′ ± 5′′
mean value obtained (979′′), i.e., the differences between averaged values were
subtracted (Figure 4b). This value agrees with the solar radii observations at
mm/cm compiled by Rozelot, Kosovichev, and Kilcik (2015).
After the data normalisation (Figure 4b), a Lomb-Scargle periodogram (Scar-
gle, 1982) was used to investigate the influence of the solar cycle on the radii
variation yielding a period of 14.2 years with a significance index greater than
99.99% (yellow curve in Figure 4b). The central maxima of the yellow curve in
Figure 4b was placed on the ending of 2001.
To compare the radius with the solar cycle we used the averaged monthly solar
flux at 10.7 cm (F10.7), plotted on Figure 4c. The Lomb-Scargle analysis of F10.7
showed a 12.0 years period with a significance index greater than 99.99% (black
curve in Figure 4c), with the central maxima coinciding with the one obtained
in the radius analysis.
The black curve in Figure 4c has a better agreement with the data obtained
before 2002, which could reflect the unusual prolonged solar minimum observed
after the central maxima. On the other hand, the longer period period obtained
in the radii analyses could be caused by the changes in the instrumental settings
that occurred in the studied period.
Trying to avoid the effect of the instrumental changes, we re-analyzed the
radius variation considering only the last dataset, i.e., the radii obtained after
March 1999 (Figure 5a). The results show a small reduction in the previous
obtained period, that changes from 14.2 to 13.7 years, nevertheless, the F10.7
showed an increase in this period, that varies from 12.0 to 16.9 years. As can be
seen in Figure 5b, the F10.7 fit reflects the unusual prolonged solar minimum.
To verify the degree of correlation between the samples, we used the Pearson
linear test. For the whole interval (1989–2015), the correlation index between the
monthly F10.7 and the averaged monthly radii was 0.17. Considering the 176
months with radius measurements, the probability of the correlation between
the radii and F10.7 is 97.7%. On the other hand, for the data obtained with
the last instrumental settings, i.e., after March 1999, the number of months
with measurements is reduced to 117 and the correlation with the solar cycle
increases to 0.44, yielding a 100% correlation probability between the datasets.
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Figure 4. a) Solar radius obtained with distinct MRO instrumental configurations. The
continuous horizontal magenta lines are the mean values obtained for each period, while the
arrows represent the subtracted values. b) The mean radii normalised by the smaller mean
radius listed in Table 1. c) The averaged monthly solar flux obtained at 10.7 cm. The yellow
curves on b) and c) have the period adjusted to the MRO data, whereas the black curve is a
fit to the solar flux at 10.7 cm.
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Figure 5. a) Solar radius obtained after March 1999, that kept the same MRO instrumental
configuration. b) The averaged monthly solar flux obtained at 10.7 cm. The yellow curves on
b) and c) have the period adjusted to the MRO data, whereas the black curve was fit to the
solar flux at 10.7 cm.
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4. Discussion and Conclusions
In this work, we studied the solar radius variation using the solar maps obtained
by the Metsa¨hovi RT-14 telescope at the Metsa¨hovi Radio Observatory (MRO).
The analyzed data consist of almost 5800 maps digitally recorded, that were
obtained between 1989 and 2015. Along this period, the instrument received
three important updates: i) a new radome in 1992; ii) a new main mirror in
1994; and iii) a receiver upgrade in 1997. While the smallest mean solar radius
was obtained after the installation of the new main mirror, the replacement of
the receiver caused an increase of approximately 20′′ in the average radius.
Radio observation are affected by several distortions (beam pattern, weather
conditions, Sun’s elevation changes along the year, and other parameters). These
requirements are reflected in the variation of the limb points around the circle
fit, and can be considered as systematic errors. Their effects are difficult to
quantify, and they do not go away by merely adding observations to enfeeble
their proper impact. The way we proceed facing the instrumental changes along
the years have been regular and uniform, which enable us to infer that results
obtained here are consistent with the previous studies at longer wavelengths. A
more deeper error analysis could be conducted in further works.
As shown in Figure 4a, the instrumental changes clearly influenced the radii
values, which can be due to changes in the antenna beamwidth or in the beam
sidelobes. However, we do not have enough information to recover these beam
profiles and evaluate their influence. Each distinct period of same instrumental
configuration yield different mean radii values (see Table 1), from 979′′±5′′±6′′
to 999′′±4′′±5′′, determined in the last and longest interval without instrumental
changes. The minimum mean value agrees with the solar radii observations at
mm/cm compiled by Rozelot, Kosovichev, and Kilcik (2015), whereas, the other
mean values are greater than that expected at 37 GHz.
Since the main purpose of this work is the analysis of the variation of the
37 GHz solar radius along the solar cycle, we merged the radii obtained under
distinct instrumental setups and normalised these values to the minimum cal-
culated mean radius (Figure 4b). After the radii normalisation, a Lomb-Scargle
periodogram (Scargle, 1982), resulted in a 14.2 years periodic variation, which
is greater than the 12.0 years period obtained from the F10.7. The discrepancy
between the obtained periods can be addressed to the unusual long minimum
between cycles 23 and 24. Moreover, the correlation index between the monthly
F10.7 and the averaged monthly radii was 0.17. Nevertheless, when considering
only the data obtained after March 1999, i.e., the correlation between the radius
variation and the F10.7 increased to 0.44.
The correlation between the solar cycle and solar radius variation obtained
at 37 GHz agrees with the previous results obtained at 17 and 48 GHz (Sel-
horst, Silva, and Costa, 2004; Selhorst et al., 2011; Costa et al., 1999). However,
there is a discrepancy with results reported by Menezes and Valio (2017) at
submillimetre wavelengths (212 and 405 GHz), that agrees with seismic radius
variation observed at the f -mode reported by Kosovichev and Rozelot (2018a,b).
These apparent contradictions at the radio wavelengths may be explained by
photospheric contribution to the submillimetric emission (Figure 4 of Selhorst
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et al. (2019)), that could reflect the seismic radius behavior. Nevertheless, the
seismic variation seems to vanish at the smaller radio frequencies that are formed
at higher chromospheric altitudes.
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